INTRODUCTION
Bamboo is a versatile plant widely used in many traditional applications, including edible sprouts, toothpicks, handmade baskets and mats, tools, musical instruments and works of art, horticultural sticks, erosion control and soil protection, building material and fuel (Van Dam et al. 2018) .
ABSTRACT RESUMO
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Bamboo is a versatile plant that is widely used in many areas for feeding, manufacturing of utensils, construction and environmental purposes. The energetic use of bamboo stalks or residues from other applications is a promising alternative and compatible with sustainable development principles. This study aimed to evaluate the potential of four bamboo species (Bambusa vulgaris, Phyllostachys bambusoides, Phyllostachys edulis and Phyllostachys nigra) for briquette production. The following properties were evaluated: moisture content, bulk density, compression strength, proximate analysis, gross calorific value and energetic density. The results showed numbers ranging from 1.109 g cm -3 to 1.228 g cm -3 for bulk density, 4. Special Supplement: Bamboo CO 2 resource must be exploited to provide future generations with essential and basic needs products (Van Dam et al. 2018) .
In Brazil, the research and technological development related to sustainable management, cultivation, environmental services and uses of bamboo products and by-products, as well as the incentive for cultivation and use of bamboo by family farming and the stimulation of the national and international trade of bamboo products and by-products, were instituted by the law nº. 12,484 (Brasil 2011) , which organizes the national policy to encourage the sustainable management and cultivation of bamboo.
The Brazil's climatic diversity demands the research for species that can adapt to both cold, mainly where frost occurs, and hot regions. According to Balduino Junior et al. (2016) , in South Brazil, the bamboo planted area is still small, but on the coastline, where there is no frost, the species Bambusa vulgaris Schrad. Ex J.C.Wendl. is promising. However, technical information is needed to subsidize investors who are interested in expanding the raw material supply base for energy generation in the different regions of the country.
In the highlands of the Santa Catarina state, species of the Phyllostachys Siebold & Zucc. genus are being cultivated in experimental plantations, mainly in Japanese communities. The Japanese community of Frei Rogério is an example where species of this genus have been planted by farmers and are already being sold to the food, matchstick and barbecue stick industries. Some of the stalks, mainly the upper parts, remain in the field as waste, though.
Bamboo species have a potential for bioenergy production, because of their high cellulose and hemicellulose contents, high calorific value and low ash content (Rambo et al. 2015) . Thus, considering the growth potential of these species, the search for new energy generation uses for bamboo crops and their residues is very important (Scurlock et al. 2000) .
In addition, briquetting is one of the alternatives for energy production. It consists of the densification of the biomass for the production of a biofuel known as briquette. The significant increase in biomass density results in a better handling, increases the calorific value by volume, reduces transport costs and produces a uniform, clean and stable fuel (Granada et al. 2002) . Moreover, briquettes can be produced from both the whole stalks and from the residues of other uses.
For those reasons, this study aimed to evaluate the potential use of four bamboo species for briquette production.
MATERIAL AND METHODS
The following species were analyzed in this study: Bambusa vulgaris Schrad. Ex J.C.Wendl., Phyllostachys bambusoides Siebold & Zucc., Phyllostachys edulis (Carrière) J. Houz. and Phyllostachys nigra (Lodd. Ex Lindl.) Munro. Five individuals of each species were randomly collected ( Table 1) and samples of 1.0-1.5 m in length were acquired at the lower, medium and higher part of the stalks. The stalks of all species under analysis were three years old at the time of collection.
B. vulgaris specimens were collected at an experimental farm owned by the Universidade Federal de Santa Catarina, in Florianópolis (27º41'03.7"S and 48º32'33.8"W), while the other specimens (P. bambusoides, P. edulis and P. nigra) were collected in Frei Rogério (27º13'19.5"S and 50º44'13.4"W), both in the Santa Catarina state, Brazil. The B. vulgaris and P. bambusoides species were analyzed in 2015, and P. edulis and P. nigra between 2016 and 2017. However, the experimental procedures were the same for all the species.
The briquettes were produced using a pilot hydraulic piston briquette machine, with a heating temperature of 120 ºC. Each briquette was produced in 10 min (Furtado et al. 2010) . In the first 8 min, the applied pressure was 50 bar, and, in the last 2 min, the pressure was raised to 95 bar, allowing the internal bonding and the consolidation of the briquettes to occur.
First, the moisture content of the sawdust was determined. Then, eight briquettes, with 35 mm in diameter and around 50 mm in length, were made for each treatment (analyzed species). The sawdust mass used for the production of each briquette was 50 g (wet basis). The particle size distribution of each briquette was 88 % (44 g) of the briquette mass consisting of particles between 3.35 mm and 15.99 mm and 12 % (6 g) with particles between 0.25 mm and 3.34 mm (CEN 2010).
Next, the following properties of the briquettes were analyzed: moisture content (wet basis) (ABNT 2003) , bulk density (mass/volume ratio of each briquette) and compression strength, adapted from the NBR 7222 standard (ABNT 2011), as described by Brand et al. (2017) .
The compression strength (or crush resistance or hardness) is the maximum crushing load that a briquette can withstand before cracking or breaking. In this analysis, each briquette is placed between two flat and parallel platens, whose facial areas are larger than the projected area of the briquette. An increasing load is applied at a constant rate (2 mm min -1 ) until the tested specimen fails by cracking or breaking. The load at fracture is read from a recorded stress-strain curve, which is the compression strength reported as force or stress. In this way, the compression strength of the briquettes is determined by the diametrical compression test (Brand et al. 2017) .
The maximum crushing load of the briquettes was calculated by the following equation: Load = (2 x F)/(π x d x L), where load is the maximum crushing load (MPa), F the force in Newtons, d the briquette diameter in millimeters and L the briquette length in millimeters.
After that, the briquettes were used to measure the proximate analysis, the gross calorific value and the energy density in the briquettes. The proximate analysis was performed on a thermogravimetric scale with a temperature of 900 ºC for the determination of the volatile content and 700 ºC for the ash content (ASTM 2013). The gross calorific value analysis was performed in triplicate in a calorimetric pump (model IKA C2000) (DIN 2003) . The energy density was calculated by multiplying the gross calorific value by the bulk density of the briquettes.
Finally, the obtained data were submitted to the Anova and the Scott-Knott test at 95 % of significance, using the Sisvar software. For the study of the correlation between the physical and the energetic properties, the Pearson's correlation coefficient (r) was used, which reflects the intensity of a linear relationship between two data sets. Moreover, a regression analysis of the data obtained from the compression strength and the bulk density analyses was carried out, resulting in the establishment of the adjustment equation and the calculation of the R 2 for both properties.
RESULTS AND DISCUSSION
The results obtained for the physical and energetic properties of the sawdust and the briquettes of each analyzed bamboo species are shown in Table 2 .
The moisture content measured before the compaction process indicated that the B. vulgaris, P. bambusoides and P. edulis species were in a homogeneous condition, presenting the highest values, while P. nigra showed the lowest value. In general, the analyzed species presented a moisture content within the expected values required for compaction. Dias et al. (2012) and Niedziółka et al. (2015) point out that the biomass subjected to the compaction process must have a moisture content between 5 % and 15 %, since this range results in a dense, stable and durable product. Dias et al. (2012) also claim that water eases the gelatinization of the starch, the protein fragmentation and the fiber dissolution during the densification process. On the other hand, the water overflow can lead to compaction and clogging during the machine feeding process.
The moisture content of the briquettes is an important parameter, because it directly affects the energetic balance of the densification. The lower the moisture content, the higher is the heat production per mass unit (Vale et al. 2000) . The results showed that all the analyzed briquettes had moisture contents lower than 10 %, and that P. edulis and P. nigra presented higher moisture reductions, when comparing the moisture content of the sawdust to the briquettes. The Pearson's correlation analysis indicated a strong and negative correlation among the moisture content, the compression strength and the bulk density of the briquettes (Table 3) , what allows assuring that briquettes with lower moisture contents will have higher bulk densities and compression strength.
The bulk density analysis of the briquettes showed that the values differed statistically among the analyzed species. P. edulis and P. nigra presented high values, but, in general, they were higher for the Phyllostachys genus, when compared to the B. vulgaris species.
The higher the bulk density, the higher is the energy/volume ratio (Demirbas & Sahin-Demirbas 2004) . In addition, high-density products (500-1,200 kg m -3 ) have a better storage, transportation and handling performance than low-density products.
Sette Júnior et al. (2017) , in a recent briquette production study using the Phyllostachys aurea species, obtained a bulk density of 1.160 g cm -3 .
Their result is similar to the one found in this study for the Phyllostachys genus. The bulk density of the briquettes showed a strong and positive correlation with the energy density and the fixed carbon content, and a strongly negative correlation with the volatile and the ash contents (Table 3 ). The P. edulis and P. nigra briquettes had the highest values of compression strength, but all the analyzed species presented high values. In a previous research, Dias Junior et al. (2014) , studying briquettes made 100 % of Bambusa spp. particles, obtained a compression strength of 7.88 MPa, which is higher than the values observed in this study for all the analyzed species.
In contrast, Sette Júnior et al. (2017) found compression strength values of 2.07 MPa, when studying briquettes produced with P. aurea, which are lower than the ones obtained in this study for B. vulgaris and the three Phyllostachys species. Brand et al. (2017) , analyzing this variable in briquettes produced from rice residues (a monocot but grassy plant), obtained values of 2.37 MPa for bark and 2.89 MPa for straw.
The regression analysis between bulk density and compression strength presented a correlation coefficient (R 2 ) of 0.47 (Figure 1) . Dias Junior et al. (2014) obtained an R 2 of 0.60 for the same correlation, being higher than the one observed in this study, but it indicates a positive correlation between the variables. In addition to the correlation presented in Figure 1 , the Pearson's correlation coefficient was 0.68 (Table 3) .
Briquettes with a high compression strength have advantages such as the reduction of damages during the handling, packing, transport and storage stages, or even during their energetic use by reducing its fragmentation (Freitas et al. 2016) .
By analyzing the volatile content, B. vulgaris had the highest value, which did not differ statistically from P. bambusoides. For the fixed carbon content, all MC = moisture content (%); CS = compression strength (MPa); BD = briquettes bulk density (g cm -3 ); ED = energy density; VC = volatile content (%); FCC = fixed carbon content (%); AC = ash content (%); GCV = gross calorific value (kcal kg MCs = sawdust moisture content before the compaction (%); MCb = briquettes moisture content (%); BD = briquettes bulk density (g cm -3 ); CS = compression strength (MPa); VC = volatile content (%); FCC = fixed carbon content (%); AC = ash content (%); GCV = gross calorific value (kcal kg -1 ); CV = coefficient of variation (%). * Means followed by the same letter in the columns do not differ statistically at 5 % of probability by the Scott-Knott test. the species differed statistically, and P. nigra showed the highest value. In relation to the ash content, the highest value was presented by the B. vulgaris briquette, while the P. bambusoides and P. nigra briquettes were similar to each other. In general, the briquettes produced with the Phyllostachys genus showed the lowest ash contents. When comparing the results of this study to the ones observed in previous researches with B. vulgaris (Table 4) , the volatile content was higher, while the ash content, the fixed carbon content and the gross calorific value were lower. The proximate analysis showed that the chemical composition found in the literature for P. aurea was the same as the one obtained for P. bambusoides in this study. Moreover, the gross calorific value of the briquettes in this study was higher than the ones found in the literature.
Species
Based on the proximate analysis of the briquettes, it can be said that the burning rate will be higher for the B. vulgaris and P. bambusoides briquettes, because they have a lower amount of residual carbon, what makes them burn at a slower rate. Furthermore, the remaining amount of residue after the burning process will be bigger for the B. vulgaris briquettes, as they presented a higher ash content than the Phyllostachys genus.
In relation to the gross calorific value, the species of the Phyllostachys genus had the highest values and did not differ statistically from each other. The results showed that the gross calorific value of the four analyzed bamboo species are similar to the average (4,673 kcal kg -1 ) of the different Pinus spp. materials (bark, chip and sawdust) that were analyzed by Furtado et al. (2010) . Having in mind that the Pinus genus is widely used in the production of briquettes in Brazil, this comparison proves itself to be valid and important.
The ash content represents the inert and non-combustible fraction of the sample and, when it presents high values, the gross calorific value decreases (Furtado et al. 2010) . In this study, the Pearson's correlation coefficient between these variables was -0.21, which is a negative but low correlation (Table 3 ).
The energy density of the bamboo briquettes was high and the Phyllostachys genus showed the highest energy densities. However, all the species differed statistically from each other (Figure 2 ). The Pearson's correlation coefficient indicated that the bulk density of the briquettes influenced the energy density more than the gross calorific value, being both coefficients positive (Table 3 ). The correlation between the bulk density and the fixed carbon content was also positive, and the energy density had a strong negative correlation with the volatile and the ash contents.
The energy densities of the Phyllostachys briquettes were higher than the ones observed by Sette Júnior et al. (2017) (Table 5) . When comparing the energy densities of the briquettes of the analyzed species with the ones of other biomass types, B. vulgaris and P. bambusoides presented higher energy densities, except for coffee bark briquettes (Protásio et al. 2011 ). The energy densities of the P. edulis and P. nigra briquettes were higher than the ones found in the literature. 
